[1] Meteorites and diamonds encounter high pressures during their formation or subsequent evolution. These materials commonly contain magnetic inclusions of pyrrhotite. Because magnetic properties are sensitive to strain, pyrrhotite can potentially record the shock or formation pressures of its host. Moreover, pyrrhotite undergoes a pressure-induced phase transition between 1.6 and 6.2 GPa, but the magnetic signature of this transition is poorly known. Here we report room temperature magnetic measurements on multidomain and single-domain pyrrhotite under nonhydrostatic pressure. Magnetic remanence in single-domain pyrrhotite is largely insensitive to pressure until 2 GPa, whereas the remanence of multidomain pyrrhotite increases 50% over that of initial conditions by 2 GPa, and then decreases until only 33% of the original remanence remains by 4.5 GPa. In contrast, magnetic coercivity increases with increasing pressure to 4.5 GPa. Below ∼1.5 GPa, multidomain pyrrhotite obeys Néel theory with a positive correlation between coercivity and remanence; above ∼1.5 GPa, it behaves single domain-like yet distinctly different from uncompressed single-domain pyrrhotite. The ratio of magnetic coercivity and remanence follows a logarithmic law with respect to pressure, which can potentially be used as a geobarometer. Owing to the greater thermal expansion of pyrrhotite with respect to diamond, pyrrhotite inclusions in diamonds experience a confining pressure at Earth's surface. Applying our experimentally derived magnetic geobarometer to pyrrhotite-bearing diamonds from Botswana and the Central African Republic suggests the pressures of the pyrrhotite inclusions in the diamonds range from 1.3 to 2.1 GPa. These overpressures constrain the mantle source pressures from 5.4 to 9.5 GPa, depending on which bulk modulus and thermal expansion coefficients of the two phases are used.
Introduction
[2] Pyrrhotite, an iron sulphide represented by the chemical formula Fe 1-x S (0.08 < x < 0.125), is found in a wide range of natural environments such as mafic igneous and contact metamorphic rocks [Hurlbut and Klein, 1977] and meteorites [Buddhue, 1945; Collinson, 1986; Rochette et al., 2005] . When x = 0, the mineral (troilite) is hexagonal with the niccolite (NiAs) structure; with higher x values, a deficiency in Fe with respect to S creates vacancies whose arrangement in the crystal lattice depends on the Fe concentration [Laves, 1930] . In a combined study of chemical and X-ray diffraction analyses of 82 natural pyrrhotites, Arnold [1967] found a gap in atomic Fe percentage between 49.8% (∼FeS) and 48.1% (∼Fe 11 S 12 ). With decreasing amounts of Fe, the data chronicle a continuum of compositions ranging from Fe 11 S 12 (47.8% Fe) to Fe 9 S 10 (47.3% Fe), a gap in compositions from ∼47.3% to 46.6% Fe, and then a number of samples whose compositions narrowly distribute at Fe 7 S 8 (46.6% Fe) [Arnold, 1967] . Pyrrhotite with compositions ranging from Fe 11 S 12 to Fe 9 S 10 is hexagonal while Fe 7 S 8 is monoclinic; 73% of the 82 natural pyrrhotite samples analyzed by Arnold [1967] contain mixtures of hexagonal and monoclinic phases.
[3] Hexagonal pyrrhotite is antiferromagnetic and the monoclinic phase is ferromagnetic with a Curie temperature of about 325°C, depending on the composition [e.g., Haraldsen, 1937 Haraldsen, , 1941 Néel, 1952] . The ferromagnetic character of monoclinic pyrrhotite arises from the regular ordering of vacancies on alternate basal layers in an otherwise antiferromagnetic lattice [Néel, 1952; Bertaut, 1953; Vaughan and Ridout, 1970; Schwarz and Vaughan, 1972] . Layers containing vacancies have one-fourth fewer Fe atoms, so that alternating fully filled and partially filled layers produce an imbalance that yields a net magnetization. Hexagonal pyrrhotite also has alternate layers of vacancyfilled and vacancy-free layers, but the stacking yields no inequality of moments in the magnetic sublattices, thereby remaining in the antiferromagnetic state. A rearrangement of the vacancies beginning at ∼220°C turns the hexagonal phase ferromagnetic [Haraldsen, 1937; Hayase et al., 1963; Morimoto et al., 1975; Zapletal, 1993] . This is called the lambda transition due to a peak in magnetization or susceptibility at ∼240°C.
[4] A concerted effort has gone into characterizing the magnetic properties of pyrrhotite. Vacancy ordering produces crystalline anisotropy [Bin and Pauthenet, 1963] that confines the spontaneous moment to the basal plane, perpendicular to the c axis [Rochette et al., 1990; Kamimura et al., 1992] . The basal plane anisotropy is uniaxial, with multidomain grains being dominated by parallel 180°walls and rare closure domains [Halgedahl and Fuller, 1981; Soffel, 1981] . Initial susceptibility, including its frequency and field-strength dependencies, thermoremanent magnetization intensity and the ratio of the coercivity of remanence (Bcr) to magnetic coercivity (Bc) all vary with grain size [Dekkers, 1988 [Dekkers, , 1989 Worm et al., 1993] .
[5] Of particular interest here is that pyrrhotite undergoes a magnetic phase transition under pressure, as first noticed when Mössbauer spectra of synthetic Fe 7 S 8 became paramagnetic at 1.6 GPa [Vaughan and Tossell, 1973] . Shock and release wave data on three natural pyrrhotites delineated a phase change at 2.7 to 3.8 GPa [Ahrens, 1979] . X-ray diffraction of Fe 7 S 8 using a 4:1 methanol-ethanol pressure transmitting medium indicates a phase transition at ∼6.2 GPa marked by a reduction in c axis lattice spacing with little change along the a axis [Kamimura et al., 1992] . Kamimura et al. [1992] concluded that the c axis lattice spacing likely governs the magnetic and electrical properties of pyrrhotite. Further high-pressure work using Mössbauer spectroscopy and X-ray diffraction found that pyrrhotite goes to a paramagnetic state at 4.5 ± 0.5 GPa [Kobayashi et al., 1997] , where the electronic bandwidth increases enough to induce a metallic state and collapse iron's magnetic moment. Using neutron diffraction, Rochette et al. [2003] found that the intensity of the (001) ferromagnetic peak decreases with pressure until the signal vanishes between 2.6 and 3.1 GPa. Experiments on pyrrhotite using both static and shock pressures show some discrepancy. Static stress linearly decreased the magnetic moment until full demagnetization at 2.8 GPa [Rochette et al., 2003; Bezaeva et al., 2010] , while shock pressures up to 12 GPa demagnetized the original remanence by 40% to 90%, with the exception of two of 16 samples whose remanence increased to levels exceeding those of the preshocked remanence [Louzada et al., 2007 [Louzada et al., , 2010 .
[6] Until now, direct measurements of the magnetic properties of pyrrhotite under pressure have not been reported. Such data are important for furthering our knowledge of Martian magnetic anomalies, where pyrrhotite is a candidate magnetic mineral [Dunlop and Arkani-Hamed, 2005] , and for the magnetic histories of meteorites [e.g., Rochette et al., 2005] . In addition, diamonds sometimes contain pyrrhotite inclusions, and because of the high differential thermal expansion between pyrrhotite and diamond, pyrrhotite may be under a high confining pressure on Earth's surface when coming from great depth [Clement et al., 2008] . Thus, the magnetic properties of pyrrhotite could potentially be used as a geobarometer for the host diamond. For these reasons, we carried out a study on pyrrhotite to quantify its magnetic characteristics under pressure and better describe the magnetic signature of a pressure-induced phase transition. Our findings suggest that source-pressure estimates on minerals bearing pyrrhotite inclusions can be obtained using nondestructive magnetic techniques that require minimal sample preparation.
Sample Description
[7] The Munich Mineralogical State Collection (Mineralogische Staatssammlung München) provided us with several natural pyrrhotite samples, each greater than 1 cm in diameter. After running a suite of characterization analyses (at Ludwig Maximilians University, Munich, unless otherwise specified) described below, we chose two (MSM73410 from Schmiedeberg, Germany and MSM73409 from Colquiri, Bolivia) for our high-pressure study. Chemical compositions were determined using a Camebax SX100 electron microprobe operating with an acceleration voltage of 15 keV and 20 nA beam current. Standards included synthetic periclase (Mg), hematite (Fe), sphalerite (ZnS), GaAs (As) and NiO (Ni) and natural ilmenite (Mn, Ti) with a reproducibility to >99% for each element (Table 1 ). The matrix correction followed the procedure of Pouchou and Pichoir [1984] . Both samples have detectable amounts of As and Ni and lack traces of Mn, Zn, Cu, Ti and Mg; MSM73410 has a lower Fe:S ratio than MSM73409. We measured X-ray powder diffraction using a Philips Xpert X-ray diffractometer with CuKa X-radiation between 2Q = 5-75°operating at 40 kV and 30 mA (Table 1) . Synthetic Si served as an internal standard. Data were processed with the RMSKempten ADM software package.
[8] Figures 1a and 1b show ambient pressure thermomagnetic curves and the derivatives of those curves obtained with a Petersen Instruments, variable field translation balance when heating at 30°/minute to ∼400°C (absolute accuracy ∼±5°C) in air with a 30 mT direct current field. MSM73410 has a single Curie temperature at 322°C, indicative of monoclinic pyrrhotite, while MSM73409 displays both a lambda transition with a maximum at 245°C and a Curie temperature at 324°C, typical of mixed monoclinic and hexagonal phases. Curie point and chemical data are thus compatible for both samples. Magnetization above the Curie temperature is negligible, which implies that magnetic phases with Curie temperatures higher than 325°C are absent (i.e., no maghemite, magnetite, hematite, etc.). Hysteresis loops of MSM73410 and MSM73409 exhibit more multidomain-like and single-domain-like character, respectively (Figures 1c and 1d ). The remanence ratio (remanent saturation magnetization (Mrs)/saturation magnetization (Ms)) and the coercivity ratio (Bcr/Bc) are 0.18 and 1.33 for MSM73410 and 0.44 and 1.21 for MSM73409. As the samples used in these experiments consist of several millimeter-sized pieces, the single-domain character of MSM73409 likely results from a fine-scale intergrowth of two phases, as is common in natural, two phase pyrrhotites [see Arnold, 1967, Figure 2] .
[9] We measured the Mössbauer spectra of each sample with a 512 multichannel analyzer and a constant acceleration drive with no applied field at room temperature (Figures 1e  and 1f ). The commercial "Recoil" software by Lagarec and Rancourt was used for line fitting using 4 sextets (2:1:2:2). Isomer shift data are in reference to metallic Fe with absorber thicknesses <5 mg Fe/cm 2 . MSM73410 has hyperfine parameters of: center shift (d) = 0.67, 0.69, 0.66, 0.68 mm/s, quadrupole splitting (2") = 0.02, 0.15, 0.08, 0.10 mm/s and the hyperfine field (B HF ) = 30.6, 29.3, 25.2, 22.7 T. A paramagnetic contribution from pyrite is also discernable (Figure 1e ). The hyperfine parameters for MSM73409 are d = 0.70, 0.72, 0.70, 0.69 mm/s, 2" = 0.08, 0.04, 0.09, 0.22 mm/s, and B HF = 29.9, 27.6, 25.7, 23.5 T. These results agree with Mössbauer spectra of other pyrrhotite [e.g., Jeandey et al., 1991] and they reveal no other ferromagnetic phase.
[10] We also measured the magnetic moment of the samples between 10 K and room temperature at ambient pressure using a Quantum Design, magnetic property measurement systems at the Institute de Physique du Globe de Paris (MSM73410) and at the Universität Bremen (MSM73409; see Figures 1g and 1h) . The experimental protocol was to cool the samples from 300 K to 10 K in either a zero field (ZFC in Figure 1 ) or in a 2.5 T field (FC in Figure 1 ), apply a 2.5 T field at 10 K, and then to measure the magnetic moment in a null field upon warming from 10 K to 300 K. Both samples display a sharp drop in magnetization around 35 K, indicative of pyrrhotite Rochette et al., 1990] ; no other break in slope occurred above 35 K. Taken together, the analytical results show that pyrrhotite comprises the only source of magnetic remanence in our samples, with no contribution from other magnetic minerals. MSM73410 consists of pure monoclinic Fe 7 S 8 whereas MSM73409 has monoclinic and hexagonal phases.
Experimental Procedure and Results
[11] In a miniature moissanite anvil cell, we loaded several tens of polycrystalline grains, whose sizes generally ranged from 20 to 100 mm, of either MSM73410 or MSM73409 together with a few ruby chips and silica gel in an ∼400 mm diameter hole in a work-hardened Bronze-Be gasket. The cell was placed into the bore of a 2G Inc., three axis, superconducting (SQUID) magnetometer (Ludwig Maximilians Universität-Munich) where the full magnetic vector was measured four times by rotating the cell about its three orthogonal axes. The average moment and its angular uncertainty were calculated after accounting for the magnetization of the sample handler and the empty cell (further details are available in the work of Gilder et al. [2004] and Gilder and Le Goff [2008] ). Pressure was measured directly in the cell before and after each experiment using ruby fluorescence spectroscopy [Adams et al., 1976; Chervin et al., 2001 ] with a Princeton Instruments (PIXIS) charged coupled device connected to a 150 mm, ARC SpectraPro spectrograph. Pressure was monitored using two rubies, one placed near the center of the cell and one near the edge, to monitor potential pressure gradients. Distinctly separate R1 and R2 spectral peaks suggest pressure conditions were hydrostatic except when noted in Table 2 , which lists the maximum pressure and the average pressure in the cell assuming a parabolic pressure profile. Data presented below consider the average pressure. Five separate experiments were carried out-two on MSM73410 and three on MSM73409. Here n represents the number of analyses. Pyrite was separated from MSM73410 before the X-ray diffraction analyses. For MSM73409, X-ray and chemical data are an average of both pyrrhotite phases.
b One standard deviation about the mean value.
c BD, below detection limits.
[12] At successive pressure steps, we measured the stepwise acquisition of isothermal remanent magnetization, applied perpendicular to the axis of the moissanite pistons, using an electromagnet whose pole pieces slide through the cell's housing until they abut the pistons. First we applied a magnetization of 370 mT in the +y axis direction, and then incrementally increased the applied field strength in the -y axis direction until reaching 370 mT. at −370 mT = moment at +370 mT and equivalence of moments over last few steps) at high magnetic fields for all pressures. From these experiments we calculated the average and standard deviation of the saturation isothermal remanent magnetization (SIRM) from the magnetic moments of the last three steps at each pressure interval, together with the coercivity of remanence (Bcr), defined as the magnetic field required to null the remanent magnetization (Table 2) . After completing each acquisition curve, the sample underwent stepwise alternating field demagnetization up to 190 mT ( Figure 2b ). These experiments enabled us to determine the median destructive field (MDF; see Table 2 ), which is the peak applied field in mT needed to demagnetize 50% of the initial magnetization. Using the experimental data of Dekkers [1988] from magnetite-free pyrrhotite combined with the theory of Dankers [1981] shows that MDF is linearly related to the bulk coercive force (Bc, in mT) in pyrrhotite for a wide range of grain sizes.
[13] Figure 3a plots the SIRM moments upon increasing pressure for all five experiments. The variability between the runs for each species arises because there is no way to normalize the data by volume or mass. We thus normalized the values of each run with respect to its initial (zero) pressure value. Seen in this way (Figure 3b ), the SIRM curves appear more coherent for each sample, with the multidomain-rich sample (MSM73410) gaining about 50% more magnetization by 2 GPa than the more single-domainrich sample (MSM73409). Above ∼2.5 GPa, SIRM begins to decrease until only 33% of the original SIRM moment remains by 4.5 GPa. Further compression was useless as the SIRM moment measured in the 4.54 GPa experiment was within the uncertainties of correcting for the moment of the empty cell. Upon full decompression (Figure 3c ), SIRM moments are 20 to 125% higher than the initial value, with the multidomain grains having greater SIRM moments than single-domain grains; the SIRM moment at full decompression is greater for the multidomain sample exposed to higher pressure. Louzada et al. [2007] also observed enhanced SIRM for shocked pyrrhotite relative to the preshocked value.
[14] Figure 3d plots Bcr upon increasing pressure for all five experiments. Normalization is not an issue for Bcr and MDF as it is for SIRM. The average initial Bcr of MSM73410 (13.3 mT) and MSM73409 (20.4 mT) compare relatively well with that derived from the variable field translation balance (7.3 and 17.1 mT, respectively; see insets in Figures 1c and 1d) . Likewise, the MDF data are quite compatible between the experiments as higher coercivities are again seen for the more single-domain-rich sample (MSM73409) than for the more multidomain-rich sample (MSM73410; see Figure 3e ). Relative increases in Bcr and MDF are greater upon decompression than for SIRM (Figures 3f and 3g) . Unlike SIRM, Bcr and MDF values upon full decompression are higher for the more singledomain-rich sample than for the more multidomain-rich sample. The coercivity ratio (Bcr/MDF) decreases by about a factor of two from 0 to 4 GPa and is roughly 15% lower upon full decompression than initial conditions. Higher coercivities were also observed for shocked pyrrhotite relative to the preshocked state [Louzada et al., 2007] .
[15] One must question how the degree of nonhydrostaticity bears on the results. Pressure gradients vary widely between experiments (Figure 4) , with differences likely due to variable proportions of pyrrhotite to pressure medium, to precise location of the two rubies with respect to the center and edge of the cell, to potential interaction of the rubies with the pyrrhotite grains, moissanite cell or gasket, and/or to unequal cell dimensions. Moreover, the grain shapes are highly angular and irregular, plus they likely contain imperfections, so even perfectly hydrostatic pressure conditions would lead to a certain degree of nonuniform strain on the particles. Pressure gradients are generally lower upon decompression than upon compression. A comparison between Figures 3 and 4 reveals no obvious connection between pressure gradient and magnetic properties; for example, the degree of nonhydrostaticity does not significantly influence the general trend of the measurements. In other words, despite differences in measured pressure gradients ranging from 0.1 to >1.0 GPa over 200 microns among the various experiments, the magnetic results appear consistent (see Figures 3b, 3d, and 3e) , which means that although nonhydrostatic stresses surely play a role in influencing the magnetic properties of pyrrhotite, the effect appears to be saturated at relatively low levels of nonhydrostaticity. We conclude that the observed changes in magnetic properties under such nonhydrostatic pressure conditions can be found in nature.
Magnetic Anatomy of a Pressure-Induced Phase Transition in Pyrrhotite
[16] This study has provided reproducible results for two pyrrhotite samples whose ferromagnetic component is distinguished primarily by magnetic domain state. For the multidomain sample, one clearly observes an increase in coercivity with pressure up until ∼4.5 GPa (Figure 3 ). This increase in coercivity is paralleled by the single-domain sample up to the highest pressures achieved (3 GPa). The increase in coercivity in both the single-domain and multidomain pyrrhotite is likely explained by the relative change in c/a lattice spacing as a function of pressure [Kamimura et al., 1992] , which acts to increase the crystalline anisotropy and hence the magnetostrictive anisotropy and the coercivity. Domain wall pinning may also play a role, but one would then expect the coercivity of the multidomain sample to be more strain-sensitive and this does not appear to be the case. In other words, the similarity in coercivity increase between single-domain and multidomain samples Table 2 . Symbols are the same as in previous figures. Circled data are all points from the multidomainrich sample obtained at pressures lower than 1.5 GPa. These points define a positive linear slope; points obtained at pressures between 2.8 and 4.5 GPa define a negative linear slope.
cannot be attributed solely to pinning effects except upon decompression.
[17] Variability in SIRM moment as a function of pressure is more difficult to understand (Figure 3) . To explain the multidomain-rich sample, first we recall cooling experiments on eight multidomain magnetite samples by Hodych [1991] , who found that Mrs varies in proportion to Bc, compatible with Néel [1955] theory for multidomain magnetite. Because Bc of the samples also varied in proportion to their polycrystalline magnetostriction coefficients (ls), Hodych [1990 Hodych [ , 1991 concluded that changes in Mrs arise from differences in domain wall mobility dictated by the level of internal stress. To test this on pyrrhotite, Figure 5a plots SIRM (remembering that SIRM is equivalent to Mrs) against MDF (remembering that MDF is linearly related to Bc in pyrrhotite); SIRM is again normalized for better comparison. Figure 5b plots relative SIRM versus Bcr. The distinction between the multidomain and single-domain samples becomes immediately clear. As expected, SIRM is invariant with respect to coercivity for single-domain material. At low pressures (<1.5 GPa), the multidomain sample exhibits a positive linear correlation between SIRM and coercivity as predicted. Going higher in pressure, between ∼1.5 and 2.8 GPa, SIRM becomes invariant with respect to coercivity; thus, in this pressure regime, the originally multidomain pyrrhotite behaves single domainlike. Interestingly and unexpectedly, a negative correlation between the two emerges at pressures above 2.8 GPa.
[18] Why does a negative correlation arise between SIRM and MDF (and Bcr) at higher pressures? If pyrrhotite had cubic symmetry, one could propose a switch between the easy and hard magnetic axes with a corresponding change in sign of the magnetic anisotropy constants [Nagata and Kinoshita, 1965] . Because pyrrhotite has uniaxial symmetry (or potentially triaxial symmetry, but the argument remains the same), and because this uniaxial symmetry becomes more pronounced under pressure, a change in sign of the magnetic anisotropy constant seems unlikely. Does domain wall rotation play a role? In a study of the reversible susceptibility of titanomagnetite as a function of pressure, Gilder and Le Goff [2005, Figure 14 ] found that the magnetic character of four different species of titanomagnetite undergo systematic changes within distinct stress windows. They proposed that a domain production/re-orientation process occurs differently under discrete strain states. Kean et al. [1976] also proposed systematic changes in the domain configuration brought about by the application of stress. However, these processes ultimately lead to a steady state domain configuration and one would expect no correlation between SIRM and MDF (i.e., single domain), not a negative one.
[19] To better understand the magnetic properties of pyrrhotite under pressure we plotted the relative changes in SIRM and Bcr from the most complete experiment (MSM73410-20081215) together with the relative intensity of the (001) ferromagnetic peak measured by neutron diffraction as a function of pressure, noting that the (001) peak serves as a proxy for Ms [Rochette et al., 2003] ( Figure 6 ). One must keep in mind that the absolute pressures of the neutron diffraction and magnetometer experiments do not coincide owing to different pressure transmitting media, calibration methods, etc. The relative changes of the hysteresis parameters in Figure 6 allow us to construct idealized hysteresis loops of multidomain pyrrhotite under nonhydrostatic pressure (Figure 7) . Ms values were rescaled keeping Ms constant to 1.5 GPa and then decreasing according to the same linear trend defined in Figure 6 . Hysteresis loops first become "squarer" and then "squatter" (squat meaning disproportionately broad or wide) with increasing pressure, until they ultimately collapse approaching the paramagnetic transition. Hysteresis loops for single-domain pyrrhotite will follow the same path as for multidomain pyrrhotite except the initial conditions begin farther to the right on Figure 7 .
[20] What is the pressure of the phase transition? As described in section 1, previous studies determined the ferromagnetic-to-paramagnetic transition pressure between 1.6 and 6.2 GPa. The broad transition pressure in our study likely arises from the pressure gradient in the cell. Absolute pressure and/or pressure gradients are often not directly measured in the other studies. Moreover, experimental techniques using gamma or X-rays may have further uncertainty depending on where the beams are focused in the cell. Thus, a precise definition of the transition pressure rests ambiguous, with our study falling around 4 ± 1 GPa, in the middle of the published values.
Toward a Diamond Pyrrhobarometer
[21] The vast majority of all natural macrodiamonds form within old (>2.5 Ga) continental mantle lithosphere where they are subsequently propelled to the surface in volatilerich kimberlite magmas. The pressure-temperature conditions estimated from multiple, coexisting inclusions in the (001) ferrimagnetic peak measured with neutron diffraction by Rochette et al. [2003] . The signal decreases linearly with pressure from 0.7 to 3.1 GPa following: change relative to initial value = −0.42*pressure (in GPa) + 1.29. As the neutron diffraction data can be used as a proxy for the saturation magnetization (Ms), and the SIRM data is a proxy for the saturation remanent magnetization (Mrs), Mrs/Ms increases upon compression. Decompression paths are indicated by dashed lines. same diamond places the diamond stability window between temperatures of ∼1050 and 1270°C and pressures between 4.3 and 6.5 GPa [Stachel and Harris, 2008] . Owing to the differences in thermal expansion and compressibility between pyrrhotite and diamond, pyrrhotite inclusions within diamonds exhumed from mantle depths experience a confining pressure at Earth's surface assuming the diamond is strong enough to contain the pressure. In other words, the pyrrhotite is squeezed as it expands more than the surrounding diamond upon decompression and cooling. If the pressure of the pyrrhotite inclusions exceeds 1 GPa in a host diamond at ambient temperature and pressure, then we can potentially use our experimental results to measure the pressure of the pyrrhotite, and hence unravel the original source pressure of the diamond + pyrrhotite.
[22] The nonreversibility of the individual magnetic parameters seems somewhat unfavorable to develop a geobarometer (see Figures 3c, 3f, and 3g) ; however, Figure 6 provides encouragement, as the relative change in coercivity and SIRM is the same upon full decompression. We thus plotted Bcr/SIRM and MDF/SIRM for the bulk and normalized values as a function of pressure (Figures 8a-8d) , where the results appear quite promising. The similarity of the nonnormalized MDF/SIRM results between the five different experiments must be due to the relatively equal masses of material loaded in the pressure cells seen on a logarithmic scale. Logarithmic plots delineate linear trends for all data above 1 GPa (Figures 8e-8h) , with robust correlation coefficients of 0.9. An empirical law establishes that pressure (in GPa) = ln(MDF/SIRM) + 1.
[23] We applied our results to six pyrrhotite-bearing diamonds from a Botswanan kimberlite studied by Clement et al. [2008] and one from a placer deposit in the Central African Republic (D21) that we investigated. Anisotropy of isothermal remanent magnetization of the diamonds prompted Clement et al. [2008] to measure magnetic hysteresis loops in multiple positions. They found that Mrs values vary up to a factor of 6 and Bc up to a factor of 2.5 in a single diamond, depending on the direction of the applied field relative to the crystallographic axis. For 23 measured hysteresis loops of diamond D21, Mrs varies by a factor of 4 and Bc by 2. We calculated Bc and Mrs from the non-massnormalized data of each hysteresis loop and plotted Bc/Mrs versus Bc in Figure 9a (data provided by Bradford Clement for the orm [Botswana] diamonds). Despite a positive correlation, much scatter exists in the data, as the mass of pyrrhotite in each diamond is unknown. To get around this problem, we normalized the data by the saturation magnetization (Ms) (i.e., Bc/(Mrs/Ms); see Figure 9b ), which results in a more robust correlation. Figure 9b also plots the hysteresis parameters of Dekkers [1988] for 12 separate grain-size fractions, ranging from 250 to <5 mm, on two magnetite-free pyrrhotite samples. One clearly observes a departure above Bc values of ∼25 mT, with a linear trend defined by varying grain sizes and another by the diamonds. Residual pressure likely explains why the hysteresis parameters of the diamonds lie off the grain-size trend in Figure 9b .
[24] We thus formulated a series of equations to calculate the pressures of the pyrrhotites in the diamonds using the pressure cell experiments (Figure 9c ). From Figure 8 ,
From the pressure cell results in Figure 9a ,
Combining equations (1) and (2) yields e 0.0228*MDF = e (P-1) , and taking the natural logarithm of both sides gives 0.0228*MDF = P -1, and thus MDF = (P -1)/0.0228. Recalling again that MDF and SIRM are equivalent to Bc and Mrs in units of mT and Am 2 (or normalized for the latter), respectively. From Figure 9c we obtain
and after rearranging the terms:
Figure 7. Idealized schematic of magnetic hysteresis loops of multidomain pyrrhotite with increasing pressure. Hysteresis parameters were normalized to initial (0 GPa) conditions following the relative changes shown in Figure 6 as explained in the text. Hysteresis loops for single-domain pyrrhotite will follow the same overall path as for multidomain pyrrhotite, except the initial conditions begin farther to the right. Solving equation (4) for pressure:
allows one to calculate the pressure in GPa of pyrrhotite grains under pressure (∼>1 GPa) from magnetic hysteresis parameters. After applying equation (5) to the diamonds, we arrive at the following pressure estimates in GPa with 1 s uncertainties: orm-2, 1. 97 ± 0.07; orm-3, 1.91 ± 0.14; orm-6, 1.36 ± 0.04; orm-8, 1.35 ± 0.13; orm-9, 1.54 ± 0.13; orm-11, 1.99 ± 0.16; D21, 2.10 ± 0.19 . Despite a ∼40% variance about the mean for the hysteresis parameters, the pressure estimates vary less than 10% for an individual diamond. As seen in Figure 9b , diamonds orm-6 and orm-8 lie on the grain-size trend line so assigning overpressure values to those diamonds is highly uncertain. Diamond orm-9 lies at the intersection where the two trends diverge, thus its pressure estimate is ambiguous. However, assigning overpressure values to the rest of the diamonds can be made with relative certainty. This again matches the experimental data where pressures above 1.0 to 1.5 GPa are required for the pressure estimation technique to be valid.
[25] One could directly use the relation P (in GPa) = 0.0228(Bc) + 1 to solve for pressure if one was sure to have multidomain-sized grains as the starting material. Pressures derived from this equation and that of (5) agree to within 5%; interestingly, the two diamonds with the lowest pressures deviate the most. Clement et al. [2008] measured the sulphide inclusions in the Botswanan diamonds to be 20 to 50 mm in the largest dimension. Applying P (in GPa) = 0.0228(Bc) + 1 to Dekkers' [1988] data suggests that grains larger than 30 mm correspond to apparent pressures less than 1.5 GPa, so without full hysteresis data to demonstrate that a departure from the grain-size trend exists (Figure 9b ), one could not distinguish a pressure enhancement of the coercivity versus an apparent pressure due merely to a grain-size effect. If the diamonds contained small single-domain grains, then we would expect the data to be more scattered on Figure 9b , as a combination of grain size and pressure effects would influence the result. Indeed, the linear trend of the diamonds on Figure 9b likely suggests that the pyrrhotite inclusions originated in the multidomain state. The safest way to use the pyrrhotite barometer is on inclusions that are demonstrably multidomain in size (>30 mm).
[26] Izraeli et al. [1999] used Raman spectroscopy to measure the internal pressure on olivine inclusions in diamonds from Russia at room temperature. Pressure ranged from 0.13 to 0.65 GPa on the olivine inclusions they studied. Inclusions associated with cracks in the diamonds showed the same Raman shift as crack-free inclusions in the same diamond. After accounting for differences in the isothermal bulk modulus and the thermal expansion coefficients between olivine and diamond, and assuming a mantle residence temperature of 1200°C, the olivine overpressures at room temperature translate into source pressures ranging from 4.4 to 5.2 GPa, within the stability field of diamond. Because the bulk modulus of pyrrhotite is about two thirds of that for olivine and because pyrrhotite's thermal expansion coefficient is roughly ten times greater [e.g., Gillet et al., 1991; Tenailleau et al., 2005] , higher overpressures are expected for pyrrhotite than olivine in diamonds at ambient conditions.
[27] One can calculate the source pressure of pyrrhotite and the host diamond by applying the same procedure as Izraeli et al. [1999] (Figure 10 ). The calculations of Izraeli et al. [1999] follow those of Rosenfeld and Chase [1961] where pressure (P) felt by a pyrrhotite inclusion (i) in a diamond (d) varies as a function of temperature (T) according to their thermal expansion coefficients (a) and bulk modulus (K):
Figure 10. Source pressure and temperature of diamond deduced from pyrrhotite inclusions. Each curve in the plot shows possible source temperature and pressure (x and y axes) stemming from the measured pressure of the pyrrhotite inclusions as indicated by the number (in GPa) near each curve. The filled areas indicate the possible source pressures assuming that the source temperature was between 1050 and 1270°C and given that the measured pressure of pyrrhotite in the host diamond lies between 1 and 2 GPa. The black curves account for the pressure dependence on the thermal expansion coefficient of FeS, while the gray curves ignore it. The latter resemble those for diamond and olivine owing to the small pressure dependency of their thermal expansion coefficients [Izraeli et al., 1999] . For diamond, we assume that a d = a d (T) [Reeber and Wang, 1996] . For pyrrhotite, a i = a i (T, 0)a i,P (P), where a i (T, 0) is the thermal expansion coefficient at ambient pressure calculated from lattice constant measurements between 88 and 900 K [Tsatis, 1987 [Tsatis, , 1988 Tenailleau et al., 2005] ; a i,P (P) accounts for the pressure dependence. This latter coefficient was determined by normalizing Kusaba et al. [1998, Figure 6 ] with a i,P (0) = 1. The bulk modulus of diamond varies as K d (T, P) = K d0 (1-k d,T T 2 )(1 + k d,P P), where K d0 is the bulk modulus at room pressure, and k d,T and k d,P are temperature and pressure-dependent coefficients following Zouboulis et al. [1998, equation (4) 
2 )(1 + k i,P P) noting that the large pressure dependence on pyrrhotite's thermal expansion coefficient due to the phase transition bears greatest on the outcome. As both K i0 and k i,P are poorly known for pyrrhotite, we took the corresponding values from FeS [Hofmeister and Mao, 2003, Table 1] . Here k i,T was calculated from a least squares fit of Benbattouche et al. [1989, Figure 1d] .
[28] Two end-member solutions arise contingent on how the pressure dependency of the thermal expansion coefficient is taken into account (Figure 10 ). Black curves in Figure 10 use the pressure dependency on the thermal expansion coefficient of FeS, while gray curves ignore it. The latter curves thus resemble those for diamond and olivine owing to the small (<1%) pressure dependence of their thermal expansion coefficients [Izraeli et al., 1999] . The shaded region in Figure 10 indicates the approximate source pressures assuming that source temperature was between 1050 and 1270°C and given that the measured pressure of pyrrhotite in the host diamond lies between 1.0 and 2.0 GPa. These end-member scenarios yield source pressure estimates from 5.4 to 5.6 GPa (black) and from 7.3 to 9.5 GPa (gray). Considering that these values represent minimum pressure estimates (we cannot exclude the possibility of pressure relaxation due to breakage of the diamond, etc.), they are compatible with theoretical and experimental constraints on the formation pressure of diamond.
Conclusions
[29] We determined the pressure dependency of the magnetic properties of well-characterized, single-domain and multidomain pyrrhotite at room temperature. Repeat experiments yield reproducible results despite differences in degree of nonhydrostaticity. Magnetic coercivity increases as a function of pressure regardless of domain state. Below ∼1.5 GPa, the magnetization and coercivity of single-domain pyrrhotite are uncorrelated owing to the invariability of its magnetization, whereas multidomain pyrrhotite exhibits a positive linear correlation between magnetization and coercivity, compatible with Néel theory. From ∼1.5 to ∼2.8 GPa, multidomain pyrrhotite behaves single domain-like, yet different from noncompressed single-domain pyrrhotite, which we attribute to an increase in magnetocrystalline anisotropy (magnetostriction) in combination with the complete pinning of domain walls. Above ∼2.8 GPa, approaching the phase transition, a new state is reached where magnetization and coercivity are negatively correlated until complete disruption of magnetic exchange likely occurs. These observations led us to establish an empirical model of the effect of pressure on pyrrhotite's magnetic properties. Above ∼1 GPa, pyrrhotite's magnetic coercivity normalized to its magnetization varies logarithmically as a function of pressure, opening the possibility for its use as a geobarometer. Application of this potential geobarometer to pyrrhotite-bearing diamonds yields reasonable estimates for diamond formation pressures. Moreover, data acquisition takes only about five minutes with minimal sample preparation and is nondestructive. Performance of the pyrrhotite geobarometer can be improved with better knowledge of pyrrhotite's elastic constants at high pressures and high temperatures and through further experimentation at high pressures under different degrees of (non)hydrostaticity. A pyrrhotite-based barometer could be used in combination with Raman spectrometry to examine the consistency between methods in estimating diamond formation pressures. Using high-energy X-rays, one could measure the lattice parameters of the pyrrhotite in the diamond to assess their overpressures and compare with the magnetically constrained value. As pyrrhotite is found in meteorites, perhaps a barometer can be established in combination with other host minerals.
